The need for new instruments to measure the optical properties ofnatural waters, at higher spectral resolutions than existing commercial instruments, has become apparent in recent years. Such instruments will be required to support the calibration ofthe next generation ofremote sensing platforms by providing in-situ measurements ofthe optical light field. In addition, high resolution spectral measurements will also support the development of optical closure models which are used to relate the observed optical properties ofthe water to it's biological and geological content. This paper describes the design and construction of a flexible, general purpose, high resolution underwater spectrometer which can be re-configured to perform a variety of optical measurements using interchangeable, optical fibre based sensor heads. Typical results obtained during the first deployment ofthe instrument at sea are also presented.
INTRODUCTION
Images obtained from the Nimbus-7 Coastal Zone Color Scanner (CZCS) mission of the early 1980s have demonstrated that airborne remote sensing platforms can be used to provide significant infonnation about ocean productivity and biological and geochemical quantities such as the concentrations of marine phytoplankton, coccoliths , suspended sediment and dissolved organic material. New remote sensing platforms for wideband, high resolution measurements of ocean colour are due for deployment in the near future, such as the Medium Resolution Imaging Spectrometer (MERIS) scheduled for the ESA Envisat mission in 1999. Periodic in-situ measurements will be required during the lifetime of such a platform in order to monitor the calibration and stability of the optical sensors and to validate the atmospheric correction algorithms used in the interpretation ofthe recorded data [1] .
Remote sensor images, corrected for atmospheric and sea state effects, provide a map ofthe water leaving radiance over the area ofsea in the field ofview. Interpretation ofthese images in terms ofthe parameters such as the concentration ofchlorophyll and suspended sediment will require the development of optical closure models {2]. This is turn will require high resolution, in-situ, spectral measurements of the inherent optical properties (absorption and scattering) of natural waters.
Most existing commercial instruments for measuring the properties of the underwater light field use one or more discrete channels, each channel having a single, large area detector element behind a pressure window. The waveband is selected by a filter and typical spectral bandwidths are in the range from 10 to 20 nanometres. The bulk of these instruments presents a problem in that they can obstruct the downward light field which may interfere with the accurate measurement of the upward light field [3] . The effects of self-shading becomes more noticeable in turbid coastal waters.
An instrument capable of meeting the requirements above would have to be able to measure both the underwater light field under natural illumination and the inherent optical properties of the water at a high spectral resolution.
The region ofthe electromagnetic spectrum of interest in optical oceanography is from the near ultraviolet to the near infrared, covering a range ofwavelengths from 300 to 740 nanometres. The rn-water light field is a function of both the inherent optical properties and the ambient illumination incident at the surface. The inherent optical properties are quantified by the spectral absorption coefficient a(X), and the spectral scattering coefficient b(A) [4] . The spectral beam attenuation coefficient c(A) is given by:
A direct measurement of the inherent optical properties requires an active light source. The beam attenuation coefficient can be obtained by using a transmissometer to measure the loss of radiation in a collimated beam over a fixed path length through the water. Determination of the absorption coefficient from the beam attenuation coefficient requires a separate measurement of the scattering coefficient. This would require the measurement and integration of the scattering phase function. An in-situ measurement of the scattering phase function is impractical because of the large number of measurements required at different angles. Instead, an alternative approach can be adopted in which the scattering is measured at two or three different angles and these measurements used to infer the scattering phase function and scattering coefficient using a typical, predetermined scattering phase function shape [5] .
The main characteristics of the natural radiation field measured in optical oceanography are the upward and downward vector irradiances Eu(z,.), Ed(z,.), the upward and downward scalar irradiances Eou(z,.), Eod(z,A) and the upward radiance Lu(z,A). The upward radiance near the surface of the sea is required for the calibration of remote sensing systems. These quantities can be used to derive a set of apparent optical properties such as the irradiance reflectance ratio, the average cosine and the diffuse attenuation coefficients [4] . Measurements ofthe upward and downward vector inadiance at two different depths in the water, together with a measurement ofthe scalar irradiance, can be used to obtain the absorption coefficient a(A) using Gershun's inversion law: Of the two possible methods for measurement of the inherent optical properties, the first would require an active light source and four sensors , one to measure the beam attenuation and three to measure scattering at set angles to the beam. There are a number of disadvantages with this technique. Only low levels of light will be scattered from the beam path into the receivers. Consequently, very sensitive detectors are required and the measurements can be adversely affected by natural ambient light being scattered into the receiver optics. Also, there is the problem of the accuracy to which the value scattering coefficient b(A) can be obtained from measurement ofthe scattering phase function at two or three points. The second method requires an active light source and a single receiver to measure the beam extinction coefficient. In addition, at least another five sensors would be required in order to measure the scalar irradiance and the upward and downward irradiances at two different water depths. The main problem with the use of Gershun's law to obtain the absorption coefficient a(A.) is that it only applies to the case where there are no internal light sources or inelastic scattering mechanisms present. If there is a significant contribution to the light at the wavelength of interest due to fluorescence or from Raman scattering, then the absorption coefficient obtained from application of Gershun's law will be incorrect. Additional errors can be introduced by calibration errors if different sensors are used to measure the quantities required. However, this technique has been applied to obtain reasonably accurate measurements of the absorption coefficient [6, 7] .
DESCRIPTION OF THE INSTRUMENT
The Southampton Underwater Multi-parameter Oceanographic Spectrograph System (SUMOSS) was developed between 1993 and 1995. It is comprised of a central instrument body contained in a pressure housing ( figure (1) ). Light collected from external sensors is transmitted into the instrument body using fibre optic cables. The fibre optics are fed through the pressure housing using glands on the base of the pressure housing. The pressure housing has been designed to operate at depths of 300 metres and the integrity of the seals and fibre optic feed-through glands have been tested at pressures equivalent to a depth of200 metres. This makes the system suitable for measurements at depth in coastal waters. However, most measurements of the natural light field within the ocean are confmed to the top 100 metres of the ocean. The central instrument body incorporates a battery supply and is capable of autonomous operation for limited periods of time. However, the most usual method of deployment is using an armoured cable. The cable is also used to provide power to the central instrument body and a serial data link between the unit and a surface station which allows instructions to be sent to the system and the retrieval of data.
The instrument is based upon a fixed grating spectrograph and a scientific CCD camera ( figure (2) ). Spectra obtained from the sensors are digitised and stored internally on a small hard disk drive unit. The system is controlled by an industrial PC. A laser diode operating at a wavelength of 673 nanometres and a tungsten halogen white light source are incorporated within the unit to provide active light sources for the measurement of the beam attenuation coefficient and scattering. Light from these sources is combined using a beamsplitter. One ofthe beamsplitter outputs can be used to provide a reference channel to monitor the condition ofthe light sources. Up to seven spectra can be recorded simultaneously using the spectrograph and CCD camera ( figure (3) ). The optical fibres at the input to the spectrograph are arranged vertically. The spectrograph forms an image spectrum of each input fibre on the CCD array.
While CCD arrays for video cameras can be used to record the ünage spectra [8.9] , a slow-scanning, scientific CCD system specifically designed for spectroscopy has a number of advantages. A video camera system can be used to record the image spectra on video tape. Then, spectra with good signal to noise ratios can be obtained by a postprocessing operation in which each video frame is digitised and the pixels associated with the image spectrum areas are combined. The amount of computation required to recover the spectral data is a disadvantage. Furthermore, there are difficulties associated with linearity and variability with the recording and play back ofimages using video tape. With a scientific CCD camera system, the spectra can be digitised and stored directly. The signal to noise ratio of the recorded image spectra can be enhanced by increasing the integration time in which the electronic charge generated by the incident light is collected at each pixel. If the camera system incorporates a thermoelectric cooler, then a further increase in the signal to noise ratio can be obtained by cooling the CCD array to reduce the dark current and associated dark current noise. A proprietary scientific CCD camera system with an internal thermoelectric cooler was selected for use in the SUMOSS. It was found that a further performance enhancement was possible with this system, in that the gates defming the charge collection areas could be set up to combine the collected charge over the extent of the spectral image height. This charge binning operation effectively increases the detector area on chip, with a consequent increase in the signal to noise ratio for the recorded spectra. However, the scientific CCD camera system has the disadvantage that a shutter must be incorporated into the light path. The shutter is open during the measurement phase and charge generated by the incident light accumulates at the collection sites (figure (4)). The shutter is then closed and each is shifted downwards and read out in turn from the horizontal readout array. The shutter is required in order to prevent charge generated by spectra near to the horizontal readout array being added to the charge from spectra further away during the readout phase.
The use of optical fibres to transmit radiation collected by the sensors to the central instrument body has a number ofadvantages. The size ofthe sensors for the measurement ofthe natural light field can be reduced. Furthermore, they can be mounted at some distance from the instrument body. The small sensor size and remote location reduce the effects of instrument self shading on the measurement of the upward light flux. The sensors do not have to have there own individual pressure housings and can be of an all solid construction. Optical windows are not required in the pressure housing. Instead feed-tbroughs can be used in which the holes through the housing are less than one millimetre in diameter. This simplifies the task of maintaining the integrity of the pressure housing. Specially adapted optical fibre connectors are used to attach the sensors to the input fibres and to change the routing of the light paths within the instrument body. This allows the instrument to be reconfigured for different tasks by mounting different sensors. Three types of bulk optical sensors are used for most measurements of the natural light field. These are used to measure the vector irradiance, the scalar irradiance and the radiance. In addition, lens based systems are required for transmitting and receiving radiation in instruments with internal light sources. All-solid, optical fibre based designs can be provided for each of these tasks (figure (5)).
While the use ofoptical fibres has a number ofadvantages in terms ofthe mechanical design and field deployment, there are a number of disadvantages. In conventional spectrometers, high light throughput is obtained by having a large entrance slit area and a low instrument numerical aperture. Large core diameter, multimode step mdcx fibre optics have been used in the SUMOSS. While these have a high numerical aperture, the overall light throughput is less than that for a conventional instrument. Furthermore, the acceptance angle for the radiation propagating though the system must be set to less than the fibre numerical aperture in order to make the fibre cables insensitive to fibre bending losses. This reduces the available radiation for the image formation further. Hence a more sensitive detector is required. Modelling of the expected system performance has indicated that both CCD and photodiode arrays can be used for the purposes ofoptical oceanography with fibre optic based sensors. Photodiode arrays generally have the advantage of a greater dynamic range, but CCD arrays are generally more sensitive in that they can detect lower levels of incident radiation. A CCD array was the optimum choice for the SUMOSS unit.
The current configuration ofthe SUMOSS unit is such that it can be used to measure the optical properties of water in the visible region ofthe spectrum from 350to 700 nanometres, with a precision of 0.5 nanometres set by the horizontal spacing ofthe detector elements in the CCD array. The spectral resolution ofthe current instrument is dominated by the fibre core diameter ofthe input fibres to the spectrograph. The spectral resolution is in the range from 4 to 6 nanometres. The instrument is currently configured to measure both the ambient irradiance of the underwater light field and beam attenuation and scattering. The internal instrumentation is mounted on a base plate clamped to the bottom ofthe pressure housing above a cradle holding the internal battery (figure (6)). When sealed, a fibre optic transmissometer can be bolted to the bottom ofthe instrument. A swinging arm is used to deploy the irradiance sensors away from the pressure housing on immersion (figure (7)).
RESULTS FROM INITIAL DEPLOYMENT AT SEA
The SUMOSS was tested for the first time in an estuarine environment (Hamble Estuary, Southampton Water) during the summer of 1996. The water depth at the deployment site varied from 2 metres at low tide to 5metres at high tide. The irradiance data showed the expected spectral profile characteristic of absorption by phytoplankton and by yellow substance (Gelbstofi) produced by decaying vegetable matter. The data from beam attenuation and scattering measurements varied as expected with the concentration of suspended sediments. However, the irradiance reflectance ratio, defmed as the ratio of the upward to downward vector irradiance, was far higher than expected. Furthermore, scattering measurements using the beam transmissometer were adversely affected by the ambient natural light field. Both ofthese effects were due to significant levels of light being back scattered from the sea bottom and to the high turbidity of the water at the measurement site.
The SUMOSS was deployed at sea for the first time in November and December of 1996 (figure (8) 
DISCUSSION
The SUMOSS has instrument has achieved the required reduction in sensor size and increase in spectral resolution. It has also demonstrated the feasibility of using fibre optic based sensors in optical oceanography. Work is continuing on the system and the irradiance sensors have recently been calibrated to the SeaWiFS protocols [10] at Plymouth Marine Laboratory in the UK. The optical sensors are being upgraded to include additional vector and scalar irradiance sensors in order to measure the spectral absorption coefficient using Gershun's law. The next deployment of the instrument at sea will be in the Baltic in late May. Work is also continuing on the extraction of information about water constituents from the spectral data provided by the SUMOSS. 700 400 500 600
